Hox genes belonging to the Abd-B subfamily of the HoxA and HoxD clusters play a crucial role in cartilage formation both in patterning and growth/differentiation phases during limb development. We re-examined the expression profiles of Hoxa-13, Hox-d13, Hoxa-11 and Hoxd-11 during the cartilage growth/differentiation phase of limb cartilage formation. The expression profiles of these Hox genes were analyzed by in situ hybridization and immunohistochemistry on serial sections by comparing the expression patterns with well-characterized signaling molecules, e.g. Bmp-2, -4, Patched (Ptc) and Indian Hedgehog (IHH). In contrast to earlier reports, these Hox genes were expressed in the mesenchymal cell layer closely adjacent to the growing cartilage, but not in the perichondrium of the cartilage. This result prompts us to reconsider the mode of Hox function during cartilage growth and differentiation phase. q
Results and discussion
The process of limb cartilage pattern formation proceeds along two distinctive developmental phases (Hinchliffe and Johnson, 1980; Oster et al., 1988) . In the first phase, limb mesenchymal cells congregate with each other to form a precartilagenous condensation with proximal to distal progression (patterning phase). Subsequently, each cartilage rudiment grows and differentiates in a position specific manner resulting in specific morphology for each cartilage. (growth/differentiation phase). Hox genes of the HoxA and HoxD cluster are expressed in the limb mesenchyme in a position specific fashion Nelson et al., 1996; Yokouchi et al., 1991) and are known to provide the positional cue for limb cartilage pattern formation. The simultaneous elimination of Hoxa-13 and Hoxd-13 activity from the developing autopod resulted in failure of autopodal cartilage patterning (Fromental-Ramain et al., 1996) . In addition Hoxa-13 misexpression in the zeugopod changes the profile of cell adhesion (Yokouchi et al., 1995) . Once precartilagenous condensation is formed, Hox expression disappears from the main cartilage region Yokouchi et al., 1991) . Misexpression of Hoxd-13 at the growth/differentiation phase in the zeugopodal mesenchyme altered the size and shape of the zeugopodal cartilage (Goff and Tabin, 1997; Herault et al., 1997) . In addition, simultaneous loss of Hoxa-11 and Hoxd-11 functions in the zeugopod resulted in failure of growth of the zeugopodal cartilage rudiment (Davis et al., 1995) . These results indicate that Hox gene functions are required for both patterning and growth/differentiation phases. In the growth/differentiation phase, Hox genes have been reported to be expressed in the perichondrial layer of the cartilage Yokouchi et al., 1991) . The perichondrium is first visible as a few layers of cells surrounding the core cartilage. Signalling molecules such as Bmp-2, Bmp-4 and Wnt5a are expressed in the perichondrium and these are crucial for cartilage growth/differentiation through communication with core cartilage and the epiphysis (Duprez et al., 1996; Hartmann and Tabin, 2000; Kawakami et al., 1999; Macias et al., 1997; Zou et al., 1997) . Based on the information that Hox and these signaling molecules are co-expressed in the perichondrium, Hox proteins were expected to have the role in regulating these signaling molecules in the cartilage growth and differentiation phase. However, contrary to our and other earlier reports, we found that Hox gene expression was not in the perichondrium at both mRNA and protein levels but in the mesenchymal cell layer located outside of the perichondrium.
To precisely identify the Hox expressing cell layer, we compared the expression profiles of Hox and several signaling molecules which had been extensively reported, in serial (02)00257-5 www.elsevier.com/locate/modo sections with highly sensitive in situ hybridization methods (see Section 2). Bmp-2, Bmp-4, Patched (Ptc) and Indian hedgehog (IHH) were used as these markers (Vortkamp et al., 1996; Zou et al., 1997) .
In the autopod of stage 28 hind limb, Hoxa-13, Hoxd-13 and Hoxd-11 mRNAs were found in the overlapping but distinctive domains (Fig. 1B-G ). As precartilagenous condensation was established in the distal region (distal cartilage in Fig.1A -J), Hoxd-13 mRNA and protein and Hoxd-11 mRNA were no longer detectable F) . On the other hand, Hoxa-13 mRNA and protein were still found in the precartilagenous condensation (Figs. 1B, C and 2A, E) . In addition, we found another expression domain of HoxA-13 in the short bones (tibiale (Fig. 2I,J) and fibulare (data not shown)) which located most proximal region of the autopod, and digit 5 (Fig.2G,H) which will degenerate in a later stage of development. Although the perichondrium had not yet formed, Patched (Ptc) was expressed in the mesenchymal cell layer surrounding the precartilagenous condensation (Fig. 1J) , In this layer, Ptc and Hox gene expression overlapped, while expression of Indian hedgehog (IHH) was not yet detectable (Fig. 2E) .
As cartilage growth and differentiation proceeds (proximal cartilage in autopod in Fig. 1A-J) , Hoxa-13, Hoxd-13 and Hoxd-11 mRNAs were no longer expressed in cartilage rudiments (Fig. 1B-G) . The perichondrium is identified as a few layers of cells surrounding the core cartilage. Bmp-4 and Bmp-2 mRNAs were strongly expressed in this layer Higher magnification of immunohistochemical double-staining for HoxA-13 (red)/IHH (green) (C,E,G,I) and HoxD-13/HoxA-11 (D,F,H,J). Hox proteins were expressed in the adjacent mesenchymal cells, but not in the perichondrium (C,D). HoxA-13 (E,G,I), but not HoxD-13 (F,H,J), was expressed in the precartilagenous condensation (ca 0 ), digit 5 (d5), and short bone (tibiale, tb). HoxD-13 was expressed in the joint interzone (F).
( Fig. 1H,I ). To define the perichondrial expression pattern of the Hox gene in detail, we compared the expression domains of Hoxd-13 mRNA and Bmp-4 mRNA at high magnification of the perichondrial region in serial sections (Fig. 1K,L) . Interestingly, Bmp-4 (Fig. 1K ) and Hoxd-13 (Fig. 1L ) expression domains were mutually exclusive. Hoxd-13 mRNA was not found in the perichondrium, but was detected in the closely adjacent outer mesenchymal cell layer (Fig. 1L) . Because the expression boundary of Hoxa-13 could not be identified clearly by in situ hybridization, we performed immunohistochemical staining of HoxA-13 together with IHH which is known to be expressed in the cartilage core (prehypertrophic zone). This was then compared with HoxD-13 ( Fig. 2A-D) . As seen in Fig.2C , HoxA-13 expression was not seen in the perichondrium, but in the outer mesenchymal cell layer similar to HoxD-13 (Fig. 2C,D) . We analyzed expression profiles of other Hox genes involved in limb cartilage development. In stage 28 fore limb, Hoxa-11 and Hoxd-11 expressions were observed in the zeugopodal mesenchyme in a region-specific manner which overlapped at the posterior region where the ulna is in the growth and differentiation phase (Fig. 3A-E) . To identify the expression cell layer of Hoxa-11 and Hoxd-11, we compared the expression of these Hox genes and Bmp-4. In contrast to the perichondrial expression of Bmp-4 (Fig. 3H) , Hoxa-11 and Hoxd-11 expression domains were not found in the perichondrium, but in the mesenchymal cell layer outside of the perichondrium as in the case of Hox 13 in the autopod (Fig. 3F,G) . The expression boundary of Hoxa-11 was more clearly observed in comparison with IHH expression domain visualized by immunohistochemical staining (Fig. 3I) . The role of the Hox gene during growth/differentiation phase was realized in a 'cartilage cell-autonomous' manner by reason of Hox expression in the perichondrium. However, contrary to earlier reports, our detailed expression analysis revealed that Hox proteins control cartilage growth/differentiation in the adjacent outer mesenchymal cell layer as in a 'non cartilage-autonomous' manner.
Hox expression also exhibited a strong correlation with joint formation. The joint interzone was first identifiable as a few layers of flattened, densely packed cells within the cartilage. The joint interzone was established between precartilagenous condensation and growing cartilage in autopod as seen in Fig. 1A . In this region, Hoxd-13 and Hoxd-11 were strongly expressed together with Bmp-2 (arrow in Fig. 1D -G,I), but no expressions of Hoxa-13, Bmp-4 and Patched were detected (asterisk in Fig. 1B,C,H,J) . HoxA-13 and HoxD-13 expression patterns in the joint region were and IHH (green) was performed on the sections from the center of the growing cartilage. Hoxa-11 and Hoxd-11 were expressed in the mesenchymal cells adjacent to the growing cartilage (ca) but not in the perichondrium (pc). more clearly detected in immunohistochemical analysis (Fig. 2E,F) . Hox proteins may also determine the position of the joint interzone and have a key role in joint development (Francis-West et al., 1999) .
As shown in Fig. 2F , Hoxd-13 protein was not found in cartilage but Hoxa-13 protein continued to be present for a certain period after establishment of the precartilagenous condensation (Fig. 2E,G) . It would be interesting to investigate whether this difference correlates with the difference in the autopodal cartilage pattern between hypodactylous animal (Hoxa-13 2/2 /Hoxd-13 2/1 ) and polydactylous animals (Hoxa-13 2/1 /Hoxd-13 2/2 ) (Fromental-Ramain et al., 1996) .
Materials and methods
Serial cryosections (7 mm thick) were prepared from non fixed stage 28 embryos for in situ hybridization and immunohistochemical analysis (Braissant and Wahli, 1998) . The Bmp-2 and Bmp-4 probes used for in situ hybridization were prepared from chick cDNA clones (Yokouchi et al., 1996) . Hoxa-13, a-11, Hoxd-13 and d-11 probes were prepared from chick cDNA or genomic clones as described previously (Yokouchi et al., 1991 (Yokouchi et al., , 1995 . Immunohistochemistry was performed as described previously (Hashimoto et al., 1999; Yamamoto et al., 1998) . Anti-IHH (5E1; Ericson et al., 1997) monoclonal antibody was obtained from the DSHB and used as described by Ericson et al. (1997) .
